High-speed photodetectorslA are of great importance in broad bandwidth optical communication and ultrafast measurement techniques. Wang and Bloom* reported the shortest measured pulsewidth of 8.5 ps (5.4 ps pulsewidth after deconvolution) for a GaAs Schottky photodiode. In the GaInAs/InP material system, p-i-n photodiodes have been reported with bandwidths in excess of 58 GHzk4 Recently, Crawford et ~1.~ reported the shortest measured device response of 16 ps for a GaInAs/InP p-i-n diode. In this letter, we use a double heterostructure to reduce diffusion current, and graded band-gap superlattices to reduce carrier trapping effects in GaInAs/InP p-i-n photodiodes. These devices have a measured 5.0 ps full width at half maximum (FWHM) pulsewidth which is more than three times shorter than that of any GaInAs p-i-n photodiode yet reported.
The GaInAs/InP heterostructure was grown by gas source molecular beam epitaxy (GSMBE) on a ( 100) semi-insulating InP substrate at 500 "C using P2 and As2 molecular beams produced by thermal decomposition of the gases PH, and ASH,. Using a gas flow of 6 seem, the InP growth rate was 0.5 ,um/h and the GaInAs rate was 0.9 pm/h. Si and Be were used as dopants.
The p-i-n epitaxial structure [ Fig. 1 (a) ] consisted of a GaInAs etch-stop layer followed by an n-type InP layer (uniformly doped 8 X IO'* cm -' ) , a graded band-gap layer (GBL), a 190 nm unintentionally doped GaInAs active layer, another GBL, a p-type InP layer (graded in doping from 1 to 3~10'~ cmw3), topped with a p+-GaInAs contact layer (5 X 1019 cm -3). The GBLs consist of a four-period superlattice, each period containing an InP layer and a GaInAs layer. The InP/GaInAs thickness ratio decreases from the InP side of the interface to the GaInAs side. Double-crystal x-ray diffraction of the completed wafer indicated a lattice mismatch of less than 150 ppm between the GaInAs layers and the InP substrate. Previous measurements have shown the unintentionally doped GaInAs to be n-type with an electron concentration of (3-8) x 1015 cms3.
The photodiode structure is shown in Fig. 1 (b) , The photodiode high-speed performance is optimized by scaling the device area down to 25 pm* to reduce capacitance, and the contact layers are highly doped thereby minimizing the contact resistance. A coplanar waveguide design is used to reduce the parasitic capacitance and devices are fabricated on a semi-insulatirtg substrate. The photocarrier transit time is decreased by using a thin absorbing layer with the tradeoff of reduced quantum efficiency. For a 5 pm x 5 ,um device, the maximnm bandwidth is obtained with the intrinsic layer thickness used in this design (200 nm).
The device processing steps are described as follows. etched. The diode n-InP layer is defined by wet etching in HCI:H,O, 1: 1. AuGe/Ni/Au is then e-beam evaporated. A SiN, film is sputtered onto the wafer and is patterned for passivation and isolation. A 250 nm layer of Au is evaporated to form the coplanar waveguide. The substrate is then lapped to 100 ,um thick and is coated with an antireflecting SIN, film for backside illumination. The device active areas vary from 25 to 400 pm'. The quantum efficiency of the devices is -3 1%. The breakdown voltage is about 6 V and the leakage current for a 25 pm2 device is typically 40 nA at 1 V reverse bias.
The response of the photodiodes was measured by electro-optic (E-O) sampling. The photodetector is excited with 2 ps pulses from a pulse-compressed mode-locked Nd:YAG laser at a wavelength of 1.06 pm and the peak optical excitation power is 70 mW. Figure 2 shows the measured 25 pm2 device response. The signal generated on the coplanar line is the convolution of the detector impulse response and the optical pulse. The measured electro-optic sampling signal is the correlation of that signal with the optical pulse used for probing. Consequently, the effect of the optical pulse can be removed by dividing the Fourier transform of the measured E-O sampling response by the Fourier transform of the measured optical autocorrelation. The diode response measured by E-O sampling has a pulsewidth of 5 ps at 2 V reverse bias. The deconvolved pulsewidth is 3.8 ps FWHM which is the shortest impulse response ever reported for a photodiode. Devices of area greater than 25 pm2 are limited in bandwidth by RC effects at an absorbing layer thickness of -0.2 pm. Figure 3 shows the FWHM value of the deconvolved pulses as a function of device area. The same pulse shape and FWHM value is observed for a 49 pm2 device and a 100 pm* device indicating that these devices have a similar RC limitation due to the combined device RC and 50 R load. The theoretical curve fits reasonably well with the experimental values.
Impulse responses less than 4 ps FWHM were obtained even at zero bias. We did however observe an improvement in a faster falling edge of the impulse response as the reverse bias level was increased to 2 V. This is due to the combined effects of enhanced hole transport (i.e., increased hole velocity and reduced trapping effects), reduced electron velocity, and a reduced device capacitance due to a nonabrupt doping profile at the heterojunction interfaces. The excitation intensity dependence of the device impulse response at 2 V reverse bias is shown in Fig.  4 . At the higher intensities, a combination of resistive voltage drop and space-charge effects broaden the impulse responses. For example, the first curve to show any broadening (66 f J) corresponds to a peak current of 12.5 mA with a 1 V voltage drop across the device series resistance and a drop in the device internal field of 50 kV/cm.
In conclusion, graded gap double-heterostructure GaInAs/InP p-i-n photodiodes have been successfully fabricated and a FWHM impulse response of 3.8 ps has been obtained. The band-gap grading and double-heterostructure design is a promising new direction in high-speed GaInAs/InP p-i-n diodes.
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